Abstract The transport properties of cement-based materials significantly affect their durability. This results from the fact that most of the damaging reagents are transported, often solved in water, through the open pore space into the microstructure. This paper focuses on simulating water permeation (movement under a gradient of pressure) and water vapor diffusion (movement under a gradient of concentration) through hardened cement paste (hcp). The main goal is to derive the water permeability and the water vapor diffusion coefficient directly from the morphology of the 3D microstructure. For this purpose microtomographic images of a hcp made of ordinary Portland cement are used to represent the microstructure and especially the pore space through which the moisture transport will occur. With the use of a skeletonization algorithm, also known as ''thinning algorithm'', the skeleton or centerline of the pore space is extracted. This skeleton is in a second step converted into a transportation network of cylindrical tubes. Bernoulli's law is applied to every tube for simulating water permeation. The permeability coefficient is then calculated by using Darcy's law. In the case of water vapor diffusion the diffusion coefficient is calculated using Fick's law.
Introduction
The transport properties of cementitious materials play a key role for predicting their durability, since many damaging mechanisms rely on the inflow of water-solved reagents (e.g. sulphates, chlorides etc.) into the pore space. Therefore the prediction of the macroscopic transport properties of the porous material under consideration is a long-standing problem of great practical significance. Most of the underlying models for humidity transport in porous media are, due to the complexity of the governing physical laws, inherently macroscopic with empirical determined parameters which are often difficult to interpret. Examples of such macroscopic models are the model of Carman-Kozeny [2], [3], [12] or Katz and Thompson [10] . It has only been for a short time within the realm of possibility, with the aid of modern imaging techniques and high-performance data processing equipments, to use models for moisture transport that explicitly rely on the complex microstructure of the porous material. Starting from 2D scanning electron microscopical images of two different kinds of brick and a sandstone Quenard et al. [21] generate a 3D microstructure with stereological methods where the specific volumes and surfaces of the pore and the solid phase match the proportions of the original 2D images. The permeability and diffusivity coefficient is then calculated for the 3D microstructure using finite difference methods. In [22] Quenard et al. use the same approach with microtomographic images of the material considered. Manwart et al. [16] calculates the water permeability coefficient of a Fontainebleau sandstone by means of solving the Stokes equations with LatticeBoltzmann and finite-difference methods. The computation was performed with high-performance Cray computers revealing a considerable demand on computational ressources. Daian, Xu and Quenard [4], [5] predict the transport properties of cement-based materials from their pore size distribution. The basic idea is to sort the pore size distribution of the material into several classes and to distribute each class on networks of various sizes. The different networks are then superposed by following rules based on renormalization theory. For the fluid transport through the network Hagen-Poiseuille's law is applied and the permeability coefficient is calculated using Darcy's law. Another approach to simulate fluid transport in porous media is to convert the pore space of the 3D microstructure into a network of capillary tubes. Liang, Ioannidis and Chatzis [13] use 2D micrographs of several reservoir rock samples to derive stochastic replicas of their 3D pore network and transform this into a network of capillary tubes to calculate permeability.
To the authors' knowledge this paper presents a first approach to simulate water permeability and water vapor diffusivity in hardened cement paste with the aid of a 3D network model extracted from microtomographs of the material. The usage of a network model has two major advantages: Firstly the computations are considerably faster than the approach with a continuum model secondly they need less computational ressources so that they can be performed with the aid of an ordinary personal computer. For this reasons the simulation of moisture transport in hardened cement paste, whose morphology is much more complex than of many other building materials including sandstone, becomes feasible. The price that has to be paid for that is the work that has to be done to get a proper network model of the pore space that adequately captures its moisture transport properties.
Overview of the present approach
The approach used to calculate transport coefficients of hardened cement paste is as follows: Starting with microtomographs of the real hardened cement paste, firstly the centerline, or medial axis, of the pore space is extracted. The medial axis represents the backbone of the transportation network. The pore space skeleton is converted into a 3D network of capillary tubes. In every tube a laminar fluid flow is assumed by applying Hagen-Poiseuille's law. The flow of all tubes which intersect the outlet surface is summed to get the flow through the whole microstructure. With the aid of Darcy's law the permeability coefficient is then calculated. The whole procedure is explained thoroughly in the following sections.
3D Microstructure of hardened cement paste
The 3D microtomographs used to calculate transport coefficients were taken from NIST's ''Visible Cement Database'' [1]. The microtomographic images stem from a hardened cement paste made of ordinary Portland cement with a water to cement w=c ratio of 0.45 and a degree of hydration m of approximately 0.67. The images with a resolution (voxel size) of about 1 lm were taken at the European Synchrotron Radiation Facility (ESRF) in Grenoble. The data set consists of 512 Â 1024 Â 1024 data elements, each element having a greylevel value between 0 and 255. A 3D image subvolume of 128 Â 128 Â 128 voxels was selected from the data set and stored in a file. In order to eliminate noise a median filter was applied. After that the image was segmented into unhydrated cement, hydration products and porosity making use of the theory of Powers and coworkers [18] , [20] . For the fractional volume V c of the capillary pores one gets Since the gel pores are not resolved in the microtomographic image and since they make almost no contribution to fluid transport, they are considered as part of the hydration products, so that
with V h being the volume fraction of the hydration products. Figure 1 shows the 3D image of the hardened cement paste after noise removal and segmentation. Segmenting the data set that way leads to the following error: The volume of the capillary pores calculated according to Powers comprises pores with diameters down to about 20 nm which cannot be resolved by the microtomographic image. Assigning the whole volume part of capillary pores to pores which have a diameter equal or larger than 1 lm is therefore incorrect. This problem can be solved if the pore space is self-similar. ''Self-similarity'' of the pore space means that it looks roughly the same on any scale. In this case Fig. 1 3D image of the hardened cement paste. Unhydrated cement is displayed dark grey and hydration products grey
